In this paper, we outline a baseline DSGE model which enables a straightforward analysis of wage bargaining between firms and households/unions in a model with both staggered prices and wages. Relying on empirical evidence, we assume that prices can be changed whenever wages are changed. This feature of the model greatly reduces the complexity of the price and wage setting decisions; specifically it removes complicated interdependencies between current and future price and wage decisions. In an application of the model we study the interaction between labor-market institutions and monetary policy choices, and the consequences for welfare outcomes. Specifically, we focus on the relative bargaining power of unions. We find that, for a standard specification of the monetary policy rule, welfare is substantially affected by the degree of relative bargaining power, but that this effect can be neutralized by optimal discretionary policy.
Introduction
The interrelationship between monetary policy and labor-market institutions has been widely discussed, see e.g. Calmfors (2001) and references therein. The focus of this literature has usually been on monetary policy, labor market reform and the effects on the equilibrium unemployment rate.
In contrast, there has been less work regarding the effects on equilibrium dynamics of labor-market institutions and the scope for stabilization policy.
Models of the labor market have recently been incorporated in New Keynesian DSGE models.
The seminal paper by Erceg, Henderson, and Levin (2000) outlines a model with both staggered prices and wages. However, in Erceg, Henderson, and Levin (2000) , wages are solely determined by households/unions. To introduce both staggered prices and wages when wages are bargained over is complicated, since there will be a dependence between current and future price/wage setting, when relying on staggered Calvo contracts. Specifically, this is due to the fact that prices in a firm affect firm profits which, in turn, affect the bargained wage. Then, since wages in turn affect marginal costs, there will be a link between current and future price decisions. Thus, under wage bargaining, price and, by a similar argument, wage decisions cannot be analyzed by the simple methods in the standard Calvo framework, where current decisions are independent of future and past decisions.
The purpose of this paper is to outline a baseline model that allows us to easily study wage bargaining between unions and firms in a model with both staggered prices and wages. In an application of the model, we study the interaction between labor market institutions and monetary policy choices, and the consequences for equilibrium dynamics and welfare outcomes. Specifically, we focus on the bargaining power of unions.
In the model, price and wage setting are staggered. The main difference with our approach, relative to standard DSGE models based on Erceg, Henderson, and Levin (2000) that includes a labor market (see e.g. Christiano, Eichenbaum, and Evans (2005) , Smets and Wouters (2003) and Adolfson, Laséen, Lindé, and Villani (2005) ), is that we model wages as being determined in bargaining between firms and unions (households). For this purpose, we must modify the simplifying assumption of Erceg, Henderson, and Levin (2000) that workers work at all firms. Otherwise, each worker works an infinitesimal amount at each firm, implying that the effect of the worker on the firm surplus is zero and that there is no surplus to be negotiated over, hence rendering bargaining irrelevant. Note that this is actually the way the dependency problem discussed above is solved in the Erceg, Henderson, and Levin (2000) model, since the price in a given firm does not affect the wage choice in a household and vice versa. Instead, we assume that a worker works at a specific firm, generating the dependency problem discussed above. However, we show that these problems can be solved in a straightforward fashion by slightly modifying the standard Calvo contracts. As in Calvo (1983) , firms are allowed to change prices in a given period with some fixed probability. Moreover, wage bargaining is opened with some fixed probability in each period. We modify the standard Calvo setup by letting any firm that is allowed to change wages, to also change prices. This assumption is in line with the micro evidence presented in Altissimo, Ehrmann, and Smets (2006) , where price and wage changes seem to be synchronized. 1 The key aspect of this assumption is that it greatly simplifies our problem; especially it eliminates the interdependence between current and future prices. Similarly, the interdependence between current and future wage contracts is eliminated.
We show that the wage setting relationship is similar, but not identical to the condition derived in Erceg, Henderson, and Levin (2000) . The differences are due, first, to the fact that today's wage contract affects the price set today by the firm and, second, to the fact that wages are determined in bargaining between firms and workers and thus, are not set unilaterally by workers. In general, we can write the wage setting relationship as a convex combination of the wage setting relationships when wages are set unilaterally by the firm and the household/union, respectively.
The main result from our application of the model is that welfare under a Taylor rule decreases significantly when the bargaining power of unions increases. The reason for this result is that the stronger is the union in the bargaining process, the larger are the effects on wage outcomes from changes in the total surplus, since an increase in the total surplus in the negotiation leads to a larger wage increase, and hence larger wage inflation variability, when the union has more bargaining power. 2 Thus, the more will wages fluctuate in response to disturbances, leading to a decrease in welfare. Under an optimal discretionary policy on the other hand, this effect is neutralized by the central bank.
In sections 2, 3 and 4, we outline the model, describe the market clearing conditions and derive a quadratic expression for the social welfare function, respectively. In section 5, we discuss the implementation of a Taylor rule as well as characterize optimal discretionary monetary policy. Sections 6 and 7 discuss the baseline calibration and our results, respectively. Finally, section 8 concludes.
The Economic Environment
The model outlined below is in many respects similar to the model in Erceg, Henderson, and Levin (2000) . Goods are produced by monopolistically competitive producers using capital and labor. Producers set prices in staggered contracts as in Calvo (1983) . There are also some important differences, however. In contrast to Erceg, Henderson, and Levin (2000) , a household is attached to each firm. 3, 4 Thus, firms do not perceive workers as atomistic. In each period, bargaining over wages takes place with a fixed probability. Accordingly, wages are staggered as in Calvo (1983) but, in contrast to Erceg, Henderson, and Levin (2000) , they are determined in bargaining between the union and the firm. Households derive utility from consumption, real balances and leisure, earning income by working at firms and from capital holdings. Below, we present the model in more detail and derive key relationships (for a full derivation, see the Technical Appendix in Carlsson and Westermark (2006) ).
Firms and price setting
Since households will be identical, except for leisure choices, it simplifies the analysis to abstract away from the households' optimal choices for individual goods. Thus, we follow Erceg, Henderson, and Levin (2000) and assume a competitive sector selling a composite final good. The composite good is combined from individual or intermediate goods in the same proportions as those that households would choose. The composite good is
where σ > 1 and Y t (f ) is the intermediate good produced by firm f . The price P t of one unit of the composite good is set equal to the marginal cost
By standard arguments, the demand function for the intermediate good f , is
The production of firm f in period t, Y t (f ), is given by the following constant returns technology
where A t is the technology level common to all firms and K t (f ) and L t (f ) denote the firms' capital and labor input in period t, respectively. Since firms have the right to manage, K t (f ) and L t (f ) are 3 Several households could be attached to a firm, if these negotiate together. 4 There is no reallocation of workers among firms. This is obviously a simplifying assumption, but it enables us to describe the model in terms of very simple relationships. chosen optimally, taking the rental cost of capital and the bargained wage W t (f ) as given. Moreover, as in Erceg, Henderson, and Levin (2000) , the aggregate capital stock is fixed atK. Standard costminimization arguments then imply that the marginal cost in production is given by 5
where MP L t (f ) is the firm marginal product of labor.
Prices
The firm is allowed to change prices in a given period with probability 1 − α and renegotiate wages with probability 1 − α w . Any firm that is allowed to change wages is also allowed to change prices.
Thus, the probability that a firm's price is unchanged is α w α. The latter assumption greatly simplifies our problem; in particular it eliminates any intertemporal interdependence between current and future price decisions via its effect on wage contracts for a given firm (see section 2.3 below). Moreover, it is also in line with the micro-evidence on price-setting behavior presented in Altissimo, Ehrmann, and Smets (2006) , where price and wage changes seem to be synchronized (see especially their figure 4.4).
Here, we assume that wage changes induce price changes, since assuming the reverse would imply that the duration of wage contracts could never be longer than for prices, which seems empirically implausible, see section 6. Furthermore, since intertemporal interdependencies are eliminated, this allows us to describe the goods market equilibrium by a similar type of forward looking new Keynesian Phillips curve as in Erceg, Henderson, and Levin (2000) ; see (17).
The producers choose prices to maximize
where T C (W t+k (f) , y t+k (f )) denotes the cost function, Ψ t+k is the households' valuation of nominal profits in period t + k when in period t and τ is a tax/subsidy on output. The term inside the square brackets is just firm profits in period t + k, given that prices are last reset in period t. The first-order condition is
The subsidy τ is determined so as to set σ−1 σ (1 + τ ) = 1. That is, we assume that fiscal policy is used to alleviate distortions due to monopoly price setting. Thus, here we abstract from any Barro-Gordon type of credibility problems (see Barro and Gordon (1983a) and Barro and Gordon (1983b) ).
Households
The economy is populated by a continuum of households, also indexed on the unit interval, which each supplies labor to a single firm. This setup can also be interpreted as a unionized economy. In such a framework, each household can be considered as the representative union member.
The expected life time utility of the household working at firm f in period t, is given by 6
where period s utility is additively separable in three arguments, final goods consumption C s (f ), real money balances
Ps , where M s (f) denotes money holdings, and the disutility of working L s (f ). Finally, β ∈ (0, 1) is the household's discount factor.
The budget constraint of the household is
The term δ t+1,t represents the price vector of assets that pays one unit of currency in a particular state of nature in the subsequent period, while the corresponding elements in B t (f ) represent the quantity of such claims bought by the household. Moreover, B t−1 (f ) is the realization of such claims bought in the previous period. W t (f ) denotes the household's nominal wage and τ w is the tax/subsidy on labor income. Each household owns an equal share of all firms and the aggregate capital stock. Then, Γ t is the household's aliquot share of profits and rental income. Finally, T t denotes nominal lump-sum transfers from the government. As in Erceg, Henderson, and Levin (2000) , we assume that there exist complete contingent claims markets (except for leisure) and equal initial wealth across households.
Then, households are homogeneous with respect to consumption and money holdings, i.e., we have
6 In the Technical Appendix, we also introduce a consumption shock and a labor-supply shock as in Erceg, Henderson, and Levin (2000) . However, introducing these shocks does not yield any additional insights here. In fact, it can easily be shown that under optimal policy, all disturbances in the model (introduced as in Erceg, Henderson, and Levin (2000) ) can be reduced to a single disturbance term (being a linear combination of all these shocks).
Wage setting
The wage is determined in bargaining between the firm and the household. For bargaining to make sense, we must relax the assumption made in Erceg, Henderson, and Levin (2000) that a household works an infinitesimal amount at all firms. This assumption implies that when a household negotiates the wage with a firm, there is no surplus to be negotiated over. For a surplus to exist, the working time at a firm must be bounded away from zero. We assume that workers are attached to a specific firm and only work at that firm.
Note that this assumption implies that there is interdependence between wage and price choices.
The reason is that the firm price affects both firm profits and labor demand and hence, worker payoff. This, in turn, affects the bargained wage. Specifically, an important implication of this is that there is a potential relationship between wage negotiations today and in the future. The reason is that the wage set today affects prices set in the future which, in turn, act as a state variable in future wage negotiations. Similarly, there is a potential relationship between current and future price setting through wages. Such interdependence would make the analysis of wages and prices much more complicated.
These interdependencies are not present in e.g. Erceg, Henderson, and Levin (2000) , where households work an infinitesimal amount in each firm and hence are unaffected by price decisions in individual firms, implying that local prices do not affect wage decisions. Moreover, individual wages in a specific household do not affect price setting in firms by a similar argument.
Importantly, the assumption that whenever wages are changed, prices are also adjusted alleviates the interdependency problem in our model. Specifically, it ensures that there is no interdependence between current and future wage setting, since the only channel that could cause this -a price that is valid for two different wage contracts -is ruled out. Although intertemporal interdependencies are eliminated, we still need to keep in mind that the current wage contract affects current and future price decisions.
Wage determination
To state household/union utility during a wage contract renegotiated in period t, denoted U t u , we define per period utility as
where L t,t+k (f ) denotes labor demand in period t + k, when prices were last reset in period t. Below, we use superscripts to indicate the last time a wage contract was rewritten and subscripts to indicate when a price was last changed. Household utility U t u is then
The first sum collects the terms when prices do not change in the future. The last sum collects the terms when prices but not wages are changed at least once in the future. 7
Denote real per-period profits in period t + k, when the price P o t (f ) was reset in period t, as
where tc denotes real total cost. Firm payoff U t f is
The first summation collects the terms where the firm changes prices today and is not selected to change prices in the future. The second summation collects the terms where the firm changes prices in the future at least once. The term ψ t,t+k is how the households value real profits in period t + k when in period t (see the Technical Appendix or Erceg, Henderson, and Levin (2000) for a definition).
We think of bargaining as non-cooperative (see Rubinstein (1982) ). However, relying on the equivalence result in Rubinstein (1982) between non-cooperative bargaining and the Nash bargaining solution, we solve for the wage from the Nash bargaining solution
where ϕ is the relative bargaining power of the household and U o is the threat point for the household.
The threat point is the payoff when there is disagreement (i.e., strike or lockout). The payoff of the 7 Expression (11) is the utility of the current wage contract only. Total utility is
However, since the household is attached to firm f, the terms
are also included in the threat point defined below. Hence, since the conflict takes place under the current contract and behavior when new contract negotiations are initiated is expected to follow equilibrium behavior, it suffices to look at the difference between the current contract and the threat point, since all future terms U t+i u cancel.
firm when there is a disagreement is assumed to be zero. Households are assumed to receive a share of steady-state (after tax) income and not spend any time working. This interpretation of threat points is in line with a standard Rubinstein-Ståhl bargaining model with discounting and no risk of breakdown as presented in Binmore, Rubinstein, and Wolinsky (1986) (see also Mortensen (2005) for an application of this bargaining setup). A constant U o is important for our results. This leads to a very convenient and simple analysis; more complicated models of threat points, e.g. based on workers having the opportunity to search for another job, could also be introduced in this model. However, to keep the model as simple as possible, we leave this to future research.
The first-order condition to (14) is
In Erceg, Henderson, and Levin (2000) , τ w is used to eliminate distortions in wage setting. Here, both τ w and U o can be adjusted to achieve efficiency. As discussed below, adjusting τ w as in Erceg,
Henderson, and Levin (2000) is not a viable option, since this approach leads to inconsistencies when ϕ < 1 (see section 3.1 below). Then, we must use both τ w and U o to eliminate distortions on the labor market. Then, there is a continuum of possible ways of ensuring efficiency, all leading to different wage setting behavior. The way we pin down a unique wage-setting curve is to adjust both τ w and U o such that each party's share of the total surplus corresponds to its relative bargaining power. This is how the surplus is divided in linear bargaining problems, see Osborne and Rubinstein (1990) . We outline how this is done in the Technical Appendix. 8 Then, we eliminate the two distortions in the economy stemming from monopoly power in the intermediate goods market and from household bargaining power in the labor market by using τ and U o .
Steady state
In the zero-inflation non-stochastic steady state, A t is equal to its steady-state value,Ā. Moreover, all firms produce the same (constant) amount of output, i.e. Y (f) = Y , using the same (constant) quantity of labor and all households supply the same amount of labor, i.e. L(f ) = L. Moreover, we will have that C = Y and that B = 0. M and P are constant.
To find the steady state of the model, we use the production function (4) together with the efficiency condition MP L = MRS (which holds due to our having eliminated distortions as outlined above) to solve for L and, in turn, Y and C.
8 Specifically, we locally approximate the bargaining problem above with a linear bargaining problem to solve for Uo. Then, it is shown that this approach implies that τ w = 0.
Market Equilibrium Conditions
Since we eliminate the distortions in the economy (using τ and U 0 ), it follows that it then suffices to look at a linear-quadratic representation of the model to rank policies in terms of welfare (see Woodford (2003) ch. 6 for a discussion). Then, we proceed by log-linearizing the first-order conditions describing market behavior. First, let the superscript * denote variables in the flexible price and wage equilibrium, which we below refer to as the natural equilibrium, and a hat above a small letter variable denotes log-deviations from the variables steady-state level (except the output gap,x, which is defined as the log-deviation between output and the natural output level). Linearizing around the steady state then gives the following system of equationŝ
where 1/ρ c is the intertemporal elasticity of substitution in consumption and
Equation (16) is the goods demand equation which relates the output gapx t to the expected future output gap and the expected real interest rate gap (
, where b i t denotes the log-deviation of the nominal interest rate from steady state and b r * t is the log-deviation of the natural real interest rate from its steady state. This relation is derived using the household's first-order condition with respect to consumption, i.e., the consumption Euler equation (see the Technical Appendix for details).
The price setting (Phillips) curve, equation (17) is derived from the firms' first-order condition (7), (see the Technical Appendix for details). To better understand the price setting curve we can rewrite (17) asπ
Standard arguments imply that increases in real marginal costs (i.e.,ŵ t − d mpl t ) lead to an increase in prices. In our model, the real wage driving inflation is different from the economywide averagê w t . The reason is that there is a dependence between the probability of changing the price and whether the wage changes in the current period or not. Specifically, since all firms that are allowed to change wages are also allowed to change prices, the share of wage-changing firms among the firms that change prices is different from the economywide average, which then motivates the "correction term"
¢ , where the real wage change in firms that change prices has been decomposed into the aggregate real wage changeŵ t and a wage inflation termπ ω t . The evolution for the real wage follows from the definition of the aggregate real wage and is described by the identity (18), which states that today's real wage is equal to yesterday's real wage plus the difference between wage and price changes (π ω t −π t ). The wage setting behavior is described by the following equation
where
and Ω w and Ω x are complicated functions of the household's relative bargaining power and other deep parameters (see the Technical Appendix for details).
To understand wage setting, it is convenient to first rewrite (21) in terms of deviations of wages from the marginal rate of substitution and the marginal product of labor, respectively. We havê
) is labor demand elasticity with respect to the wage and 1 ρ L is the intertemporal elasticity of substitution in labor. Note that κ > 0. The above expression can be viewed as a convex combination of the first-order condition when wages are unilaterally set by either the firm or the worker. 9 The last term on the right-hand side comes from the first-order condition when workers have all bargaining power and the second term from the first-order condition when the firm has all bargaining power. 10 9 To see this, multiply the expression by κ, rearrange and use the results in the Technical Appendix. 10 When the worker has all bargaining power, the wage is determined by
where λ is the Lagrange multiplier for the constraint. Note that λ is nonzero only if the constraint binds. Since firms receive a strictly positive steady-state profit (i.e., τȲ ), this is not the case here and hence
When the firm has all bargaining power, the wage is similarly determined. However, as ϕ tends to zero, the threat point of workers Suppose ϕ = 1 in (23), thus corresponding to the case when the households set wages unilaterally.
Then, only the first and last terms in (23) remain. Let us first look at the terms involving deviations of real wages from the marginal rate of substitution and the marginal product, respectively. First, there is a direct effect through the consumption-leisure choice of households. If the real wage is larger than the marginal rate of substitution between leisure and consumption, workers desire lower wages to adjust this misalignment, leading to a decrease in wage inflation pressure since wage-changing unions decrease wages. Second, ifŵ t > d mpl t , the marginal costs are high. Then, a reduction in wages increases the surplus, inducing wage-changing unions to cut wages. Finally, the effect through the output gap is due to the fact that a change in the output gap changes how wage increases affect consumption and, in turn, the utility of a wage increase. First, an increase in the output gap reduces the marginal utility of consumption and hence, a given wage increase is worth less in utility terms, leading to a reduction in wages. Second, an increase in the output gap increases labor demand and hence, a given wage increase leads to a larger effect on consumption, and is thus worth more for the household (for a constant marginal utility), leading to an increase in wages. In our baseline calibration, ρ C > 1, thus implying that the effect from marginal utility of consumption dominates.
When ϕ = 0, i.e., when firms set wages unilaterally, only the first and second terms in (23) remain.
Whenŵ t > d mpl t , firms reduce production and hence labor input. Since leisure increases utility, firms can then decrease wages so that the participation constraint of the workers binds. 11
Comparison with Erceg, Henderson, and Levin (2000)
Erceg, Henderson, and Levin (2000) derive the following wage setting curvê
A crucial assumption underlying this expression is that the wage subsidy τ w is set such that it eliminates the markup in wage setting. We choose a different method when deriving (23), as motivated below. When workers have all bargaining power (i.e. ϕ = 1), we can set taxes in the same way in Erceg, Henderson, and Levin (2000) . The resulting wage equation is then
converges to the equilibrium payoff for the workers, U t u , since their share of the total surplus must go to zero. This, in turn, implies that wages are determined by the constraints and the firm's preferred wage is determined by U t u = U o (see the Technical Appendix for details).
11 Here, the direct effects working through effects on consumption and leisure cancel through efficiency, and only the indirect effect via the effect on marginal costs and prices and its effect on labor demand remain (see the Technical Appendix for details).
The only difference is then that theŵ t − d mpl t also enters the expression. The reason for the presence of this term is that whenŵ t > d mpl t , marginal costs are high in the economy. A reduction in wages then leads to an increase in surplus for those who reset wages. The more intense the competition, captured by σ, the larger the effect on wages. In the Erceg, Henderson, and Levin (2000) model, on the other hand, the wage set by a single household does not affect the marginal costs of firms since each firm uses labor from a continuum of households.
The reason why (23) is different from (25) when ϕ = 1 is that we cannot set taxes to eliminate the markup in wage setting for ϕ < 1. Doing so would lead to inconsistencies. To see this, note that when setting taxes as in Erceg, Henderson, and Levin (2000) , the steady state first-order condition for wage setting (15) becomes
By efficiency, the marginal rate of substitution is equal to the marginal product and thus, u C ¡C¢w = v L ¡L¢ . Hence, sinceŪ f and ∂Ū f ∂W (f ) are bounded away from zero, the worker steady-state surplus must be equal to zero. However, for a shock with an adverse effect on the surplus, we end up in situations where U t u < U o , which lead to inconsistencies. Here instead, we adjust the threat point so that the share of the surplus obtained by the firms is always 1 − ϕ. Then, by construction, we will have τ w = 0.
Taking this approach then yields the wage-setting curve (23).
Welfare
Following the main part of the monetary policy literature, we focus on the limiting cashless economy (see e.g. Woodford (2003) for a discussion) with the social welfare function
Following Rotemberg and Woodford (1997) , Erceg, Henderson, and Levin (2000) and others, we take a second-order approximation to (27) around the steady state. This yields a standard expression for the welfare gap (see the Technical Appendix for a detailed derivation, also c.f. Erceg, Henderson, and
Levin (2000)), i.e., the discounted sum of log-deviations of welfare from the natural (flexible price and wage welfare level)
where we have omitted higher order terms and terms independent of policy and as usual θ x < 0, θ π < 0 and θ π ω < 0 (see Appendix B for definitions). The first term captures the welfare loss (relative to the flexible price and wage equilibrium) from output gap fluctuations stemming from the fact that d mpl will differ from d mrs wheneverx t 6 = 0. However, even ifx t = 0, there will be welfare losses due to nominal rigidities. The reason is that nominal rigidities imply a non-degenerate distribution of prices and wages. A non-degenerate distribution of prices and wages implies a non-degenerate distribution of output across firms and working hours across households. This leads to welfare losses due to decreasing returns to scale and increasing marginal disutility of labor.
Monetary Policy
To close the model and describe the dynamic equilibrium of the model, we need to specify monetary policy behavior. A natural starting point for an application of the model is to impose a commonly used empirical characterization of actual monetary policy in the form of a Taylor rule for interest rate setting (see Taylor (1993) ). The behavior of the economy when governed by a Taylor rule is then contrasted to the behavior of the economy when governed by optimal monetary policy where the central bank aims at maximizing social welfare. Here, we focus on the discretionary case. Although studying optimal policy is essentially a normative enterprise, the focus here is natural since no central bank formally commits to a policy rule.
A simple instrument rule
The Taylor (1993) rule is specified as
where the parameters for (29) are taken from the estimates presented in Rudebusch (2002) for U.S. data (1987:Q4-1999:Q4) . To close the general equilibrium system (16), (17), (18) and (21), we eliminate the nominal interest from the Euler equation (16) 
Optimal discretionary policy
Under an optimal monetary policy regime, the central bank is assumed to maximize social welfare.
Note that welfare only depends on the paths ofx t ,π t andπ ω t . Moreover, these three variables can solely be determined from equations (17), (18) and (21). 12 To find the optimal rule under discretion, the central bank solves the following problem
subject to equations (17)- (21). We restrict the attention to Markov-perfect equilibria, i.e., we do not consider any equilibria with reputational effects that could arise from complex non-Markov behavior.
However, we need to take into account that the real wage is an endogenous state variable. Therefore, expected inflation and expected wage inflation will depend on lagged real wages in equilibrium. An implication of this is that when designing monetary policy, even in the absence of a commitment mechanism, the central bank should take into account how changes in the real wage today affect private sector expectations.
Note that we solve the problem in a different way than Erceg, Henderson, and Levin (2000) .
Instead of postulating the form of the interest rate rule and then choosing parameters to maximize welfare, we find the paths forx t ,π t ,π ω t andŵ t that maximize welfare, as suggested by Woodford (2003) .
The first-order conditions for optimal discretionary monetary policy are
where λ π t , λ w t and λ π ω t denote the Lagrange multipliers. The problem can be reduced by using the first three first-order conditions to solve for the Lagrange multipliers and then substituting these into the last first-order condition. This condition, together with the three constraints (17) to (21) then describe the dynamic equilibrium of the model under optimal discretionary policy (see the Technical Appendix for details).
Calibration and Numerical Solution
As in Erceg, Henderson, and Levin (2000) , we only focus on a technology shock in our application, which is assumed to follow an AR(1). It is straightforward to show that there is a positive linear relationship betweenŵ * t andÂ t . Then, if technology follows an AR(1) process,ŵ * t also follows an AR(1) process. We can thus modelŵ * t asŵ *
where ε t is an (scaled) i.i.d. (technology) shock with standard deviation σ .
For our numerical exercises, we follow Erceg, Henderson, and Levin (2000) and assume that
and that
Here, we introduceQ andZ in order to facilitate the comparison with Erceg, Henderson, and Levin (2000) by mimicking the preferences and the steady state of their model. 13 The calibration of the deep parameters, presented in Table 1 , also follows Erceg, Henderson, and Levin (2000) when possible (thus, e.g., we do not follow Erceg, Henderson, and Levin (2000) when calibrating α and α w , since they have a different interpretation in our model). 
Moreover, to find the steady state of the model, we also follow Erceg, Henderson, and Levin (2000) and set;Q = 0.3163,Z = 0.03, K = 30Q and A = 4.0266. Then, using the scheme outlined in section (2.4) we obtain L = 0.27. Thus, L and Z stand for about one third of the household's time endowment.
Also, Y = C = 3.1627, giving rise to a steady state capital-output ratio of about three. Moreover, to achieve symmetric Nash bargaining (equally shared surplus) in the baseline scenario, we set ϕ to 0.5.
Letting d p and d w denote the duration of price and wage contracts, respectively, we have d p = 1/(1 − α w α) and d w = 1/(1 − α w ). Starting with wage contract duration, Taylor (1999) summarizes the evidence and argues that overall, the evidence points toward a wage contract duration of about one year. This, in turn, implies that we set α w = 3/4. For price contract duration, the micro evidence presented by Bils and Klenow (2004) suggests a price duration of about five months, whereas the survey evidence in Blinder, Canetti, Lebow, and Rudd (1998) suggests about eight months. In our baseline calibration, we set the price duration to two quarters, which is about the average for the above studies. This, in turn, implies that we set α = 2/3.
In table 1, note the high weight on wage inflation variance in the loss function. This is in part due to wages being stickier than prices.
To obtain a ball-park estimate of σ , we make use of Rudebusch (2002) Taylor rule estimates as an approximation of actual monetary policy and set σ to match the standard deviation of quarterly inflation in the model under a Taylor rule imposed with the actual standard deviation of the U.S.
quarterly CPI inflation in the same sample as that used by Rudebusch (2002) . 14 This results in a standard deviation of the innovation to theŵ * t process of 0.0067(= σ ). Note that we cannot put the system under optimal discretionary policy, discussed in section 5.2, on standard form (as outlined in e.g. Blanchard and Kahn (1980) ). The reason for this is that expectations depend on real wages which, in turn, is a state variable that depends on policy. This gives rise to the three derivatives of the expectations in the last equation in (31). To solve the problem, we then rely on a value-function iteration procedure. Within each iteration, we solve the system in section 5.2 for the policy functions, while taking into account how expectations in the constraints are affected. After obtaining a new guess for the policy functions, we update the value function using this new guess and iterate until the value function converges (the details are outlined in Appendix A). For the system under a Taylor rule, discussed in section 5.1, there is no need to iterate on the value function since no derivatives of future inflation are present in (29). Instead, we can directly solve the system in section 5.1 for the policy functions (i.e. we only do step 1 in the numerical algorithm outlined in Appendix A). 15 
Results
We first plot impulse responses in the two cases (Taylor rule/optimal discretionary policy) for our baseline calibration above. Then, we turn to the welfare effects of labor-market institutions, studying the effects of varying the relative bargaining power of the household and to what extent monetary 14 We focus on inflation for the calibration, since this is the only variable we can directly observe without resorting to some filtering technique. 15 Here, standard methods can thus be applied and when comparing methods, we arrive at the same policy functions.
policy can affect the dynamic outcome.
Impulse responses
In Figure 1 , we plot the impulse response to a one standard deviation innovation to the natural real wageŵ * t when monetary policy is governed by the Taylor rule estimated by Rudebusch (2002) . The shock initially drives up the natural real wage by 0.67 percent and thus, causes a negative real wage gap. To close the gap and stabilize the economy, the central bank needs to increase the real wage. This is achieved by keeping inflation lower than wage inflation and is also what the empirical Taylor rule implies. However, given the AR(1) structure of the shock, the natural real wage falls down towards the steady value of zero after the initial shock. So at some point, the central bank needs to start to reduce the real wage in order to continue to stabilize the economy. This is also what we see after approximately four quarters. For this purpose, the relation between wage inflation and inflation (π ω t −π t ) needs to be reversed, which also happens at this point in time. The economy is then stabilized and eventually tends towards the steady state.
In Figure 1 , we also plot the impulse response to a one standard deviation innovation to the natural real wageŵ * t under optimal discretionary monetary policy. The main difference relative to the behavior of the economy under a Taylor rule is that the economy is stabilized much faster and that inflation and wage inflation shift signs (approximately) simultaneously, as expected by optimal policy. This indicates that the welfare loss under the optimal discretionary policy is lower than under the Taylor rule. Note that the latter result is not trivial, since the Taylor rule is in fact a commitment rule and hence, could theoretically perform better than the optimal discretionary rule.
In Figure 2 , we compare the impulse responses from our model under optimal discretionary monetary policy when the union has all bargaining power (i.e., ϕ = 1) to the impulse responses from the Erceg, Henderson, and Levin (2000) model. The main differences are that wage inflation is used more heavily to stabilize the economy in our model, and less so for inflation and the output gap. When it comes to the qualitative features of the impulse responses, they are similar for the two models, however. There are two potential sources for the quantitative differences that we see in figure 2 . First, the coefficients in the welfare function (28) are different in the two models and, second, private-sector behavior as described by (16)- (21) in our model, is also different. To check which of these two effects that is the main cause for the differences in Figure 2 , we imposed the welfare function coefficients from our model on the Erceg, Henderson, and Levin (2000) model. Then, the differences between the two models remain, implying that the main cause of the discrepancies in the figure is differences in private sector behavior (i.e. in price and wage-setting relations). 
Welfare and labor-market institutions
Labor-market institutions are complex to model. However, e.g. changes in legislation that strengthen unions can reasonably be modelled as an increase in their bargaining power in negotiations. Therefore, we focus on how changes in bargaining power affect the welfare loss and how this welfare loss interacts with monetary policy choices.
In Figure 3 , we plot the welfare differences (relative to the natural welfare level) for different values of the relative bargaining power of the union under the Taylor rule and under optimal discretionary policy. To compute welfare, we construct sequences of shocks for 1000 periods and use these to find paths for the variablesx t ,π t ,π ω t andŵ t . Then, welfare is computed from these paths using the welfare criterion (28), ignoring the periods t > 1000. This is repeated 1000 times to generate an approximation of the expectation. Finally, to express the welfare loss as a fraction of steady-state consumption we scale the welfare difference (28) by u C ¡C¢C . When monetary policy is governed by the Taylor rule, outlined above, we see that the welfare loss is increasing in the relative bargaining power of the union.
The reason for this result is that the stronger is the union in the bargaining process, the larger are the effects on wage outcomes from changes in the total surplus, since an increase in the total surplus in the negotiation leads to a larger wage increase when the union has more bargaining power. 16 Thus, 16 Since all surplus is transferred to households either via wages or dividends from firms, this implies that transfers the more will wages fluctuate in response to disturbances, and since variation in wage-inflation rates depresses welfare, we get the pattern present in figure 3 . However, as can also be seen in figure 3, this effect on the responsiveness of wages can be (almost) completely counteracted by monetary policy.
It is also interesting to note that the effects on welfare differences are sizable. For example, for the case when ϕ = 1, we have that the differences between optimal discretionary and the Taylor policy are about 0.7 percent of steady state consumption.
The findings in this section are qualitatively robust to a wide variety of experiments. For example, using the original Taylor (1993) parameters in the Taylor rule (i.e., βπ = 1.5, βx = 0.5), increasing the duration of wage and price contracts by setting d p = 3, d w = 6, tending towards log utility in preferences (i.e., setting χ C =χ L = 1.001 ), or increasing (decreasing) the markup rate by setting σ to 3 (6) does not change the overall picture that welfare is falling with the bargaining power of the union under the Taylor rule, and that this effect can be neutralized under optimal discretionary monetary policy.
Concluding Remarks
In this paper, we outline a model with both staggered prices and wages where wages are bargained over between firms and unions. Based on empirical evidence, we introduce a modification of price and wage setting behavior in the standard Calvo framework. Specifically, we allow prices to be changed whenever wages are. This assumption greatly simplifies the analysis of the problem. In particular, complicated interdependencies between current and future price and wage decisions that would be present in the standard Calvo framework are eliminated. This gives rise to a simple but more realistic representation of the labor market that can be used as a building block in a much richer DSGE model than presented here.
In an application we use the model to investigate the interaction between monetary policy and labor-market institutions. When central bank behavior is captured by a Taylor rule, welfare decreases substantially as the relative union bargaining power increases. The reason for this result is that the stronger is the union in the bargaining process, the larger are the effects on wage outcomes from changes in the total surplus, since an increase in the total surplus in the negotiation leads to a larger wage increase, and hence larger wage inflation variability, when the union has more bargaining power.
Thus, the more will wage inflation fluctuate in response to disturbances, leading to a decrease in welfare. However, under optimal discretionary policy, this effect is almost neutralized and welfare is independent of union bargaining power. from dividends decrease when bargaining power increases.
In the paper, we model bargaining in a simple way. More complicated models of the labor market like the search model presented in Gertler and Trigari (2006) or insider-outsider models, see e.g., Blanchard and Summers (1986) and Gottfries and Horn (1987) , can be adapted to the framework in the paper, which provides an interesting avenue for future research.
Step 3. Update the value function V l+1 (ŵ t−1 ,ŵ * t ) using
where Q U l+1 is the transition matrix defined by the new guess for the policy functions for inflation and wage inflation and the flow equation for real wages.
Step 4. If°°V l+1 − V l°°< ε stop. Otherwise, go to step 1.
B Derived Parameters
In the Technical Appendix, we derive the following parameter for the wage setting Phillips curve (21)
We also derive the following parameters for the welfare gap expression (28)
In the Technical Appendix, we also show that in an Erceg, Henderson, and Levin (2000) economy we need to replace θ π ω with
where σ w governs the substitutability between workers (note that our parameter σ w corresponds to
(1 + θ w )/θ w in the notation of Erceg, Henderson, and Levin (2000) ). Note that we derive the welfare gap in a slightly different way (see the Technical Appendix for details) and therefore (42) is different than in Erceg, Henderson, and Levin (2000) . 19 Note that the wage-setting relationship in an Erceg, Henderson, and Levin (2000) economy is given by (24) and the price-setting relationship is given by (17), but without the (1 − γ) ¡π ω t − βE tπ ω t+1 ¢ term.
which gives P l+1 i = π yi, U l+1 i . 19 For the same reason, θ EHL π (= θ π ) is different from the parameter derived in Erceg, Henderson, and Levin (2000) 
